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(57) AbRtract: A method for aligmno an opiical cterocnt of an optical 1nierfetoit»eter in which « beam of light inrcnicts wiih Ihe 
optical clement nnd tJic opHcal clement is tilted ahoul firsi and second axes ro adjust the rolalive phase of eomponcnts of the beam. At 
least three parallel alignmcni beams of monochromatic light are directed through the J nteTfcromcter towards rcjspocij^'a detcctora. The 
detectors arc anangcd in pairs such that tilling the opticel clement about the first axis doo$ not affect the relative phase oFoomponentJ 
of each of the beams dirccfcd towards a first pair of dciectors tind Uldng the optical element about the second axis does not affect 
the relative phase of coreiponcnts of each of tfa« beams directed towards the second pair of detectoiiR. Ono detector may form paft 
of each of the first and second pairs of detectors. A fint estimate of an aligned optical clement position is deHvcd by determining 
J&om an output of at least one detector a first element posilion at which the magnitude of the beam incident on that detector is a 
maximum. Second estimates of aligned element positions are also derived by detetmining second element positions at which the 
pha w di jrcrtsnccs between beams incident on each of the pairs of detectors are a rainimam. The element 13 aligned by moving iC to 
a final position whicli is one of the second positions which is at or adjacent the first pontlon. A sot of second element positions 
be determined, the clement being moved ro each of the set of second element positions in turn. The magnitQde of oatpots of at least 
one of the detectors may then be monitored ai each of the second element po.<titians to which the element is moved, and the element 
may be moved to the Rnal position which coirespoiids to the poRiHon at which the monitored magnitude is a maximum. 
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imTEKEEROMETER OPTICAL ELEMENT A^^IGNMET^T 

The present invention relates to a method and apparatus for aligning an optical 
element such as a nairror, for example a mirror of an optical interferometer. 

Two-beam optical interferometers are widely used in optical measuremoit 
apparatus. Applications of such raterferomeCers include the alignmeot and testing of 
optical systems and elements, such as compound loises and communication systems 
using optical fibres. Interferometers make it possible to measm-e small differences in 
optical phase between an ideal beam (generally referred to as ftie referencis beam) and 
a further beam which has been transmitted through or reflected by a lens, mirior or 
other optical component which is imder test The Twyman-Green interferometer is 
one example of this type of instrument although there are many othets. 

Two-beam mterfetometers are known in which an optical path difference is 
deliberately generated and varied k a controlled mannw. Such interferometers, of 
which Ihe Michelson interferomet^ is one example, are widely used for ^ectral 
analysis, particularly for the visible or near infrared regions of the electromagnetic 
spectrum. Michelson interferometers have many industrial applications, particularly 
in the chratical and phamiaceutical industries, and are used for process control and 
quality monitoring in a very wide range of industrial plications. 

Optical testing and spectral analysis instnnnents call for high precision so as to 
mamtain precisely known optical path differences between optical beams of the 
instrument. Alignment of optical components mnat be achieved before the 
interferometer is used, and maintained during use. This calls for a hi^ degree of 
stability and precision witli regard to both optical and mechanical characteristics. 

In a typical Michelson interferometer, a broadband source provides a beam 
which is directed towards a beam splitter which splits the beam into two components. 
One component is reflected by the beam splitter towards a mixror which reflects it 
back through the beam splitter to the analytical detector, and the other component is 
transmitted by the beam spHtter and reflected back by a second miiror, and then 
reflected by the beam splitter towards the analytical detector. The mirrors and beam 
splitter are arranged so that the two components incident on the analytical detector are 
co-linear. One of the mirrors is movable, so that the optical path length travelled by 
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one compQueat between the source and analytical detector can be varied. One mirror 
is provided with means for adjusting and maintaimng its alignment. The magnitude of 
the intensity of ttie beam sensed by tlie analytical detector depends upon the optical 
path dijEference between ttie two component beams. By varying the position of the 
movable mirror the optical path difference between the two beam paths can be varied. 
This in turn varies the magnitude of the detected beam. A plot of variations in 
magnitude as a function of the optical path difference is known as an tnterferogram, 
and the spectral structure of tiie light detected by the instrument is nomially derived 
by frequency analysis (usually Fourier Transformation) of the interferogram. The 
spectral structure can in turn be used to determine characteristics of the beam source 
and material that the beam has either passed through or been reftected fioro in the 
instmmcnt In addition, generally at least one monochromatic light source is arranged 
adjacent the main beam but sqparate firom it. The monochromatic source is used to 
determine the relative retardation of the minors and to assist in stabilising the miirors 
during retatxlation. 

Cleariy the precise positioning of the mirrors relative to ^ch other and the 
precise movement of the moveable mirror are fundamental to the. accuracy of the 
instrument Thus the mirrors must be initially aligned in a concct manner and their 
alignment must be maintained during use, and in particular during movement of the 
moveable mirror as the instrument is used. Generally initial aUgament is Achieved by 
a skilled techiucian visually inspecting an interfer^Qce pattern incident upon the 
detector and making adjustments to the mirror angles accordingly. This alignment 
process must be repeated each time that the instrument is switched on and should be 
repeated at regular intervals to ensure that the instrument has not become misaligned 
for example as a result of closure to a mechanical shock or vibration. Once initial 
alignment has been achieved, a dynamic control system is required to maintain the 
mirrors in alignment during mirror movemOTt. Various proposals, have been made for 
achieving the necessary dynamic alignment, (ox example that described in US Patent 
No» 5,657,122. That document describes a Michelson interferometer in which, in 
addition to the beam used for measurement purposes, three parallel monochromatic 
beams are directed through the instrument towards respective ones of a triangular 
array of detectors provided for alignment purposes. The alignment detectors provide 
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respective output signals whdcli control Hire* actuators arranged in a corresponding 
triangular airay. The oulputs of the three detectors drive the actuators to cause minute 
adjustment to the angular orientation of the nominally fixed minor thereby to 
compensate for wobble or systematic tih of the nomioally moveable minor. This 
system does seek to maintain aUgnment during instrument use but does not provide 
initial Alignment which still requires the intervention of a ddUed technician. 

It is an object of the present invention to provide a method and sppaxaius for 
aligning an (qrtical dement such as a mirror of an optical interferometer. 

According to the present invention, there is provided a method fin: aKgning an 
optical element of an optical interferometer in which abeam of light interacts with tiie 
optical element and flie optical element is tilted about fitsil and second axes to adjust 
the relative phase of components of the beam, wherein at least three aUgnment beams 
of monochromatic light are directed through the interferometer towards respective 
drtcctora, the detectors being arranged in pairs such tiiat tilting the optical element 
about tiie first axis affects the relative phase of components of each of the beams 
directed towards a first pair of drtectots in a predetemuned manner and tilting the 
optical element about the second axis affects the rdative phase of components of each 
of the beams directed towards the second pair of distectors hi a predetermined manner, 
a. first estimate of an aligned optical elemoot position is daived by determining from 
an ou^ut of at least one detector a first element position at which the magnitude of 
the beam incident on tiiat detector is a maxnnum, second estimates of aligned elancnt 
positions are derived by determining second elemeot positions at which 
pnsdetermmed phase differences between beams Incident on each of ttie pairs of 
detectors arc established, and tiie element is aligned by moving it to a final position 
which is one of tiie second positions which is at or adjacent the first position. 

The present invention also provides an apparatus for aHgning an optical 
element of an optical interferometer m which a beam of light interacts witii the optical 
element and the optical element is tilted about first and second axes to adjust tiia 
relative phases of components of the beam, comprising means for directing at least 
tiuee alignment beams of monodteoroatic tight tiirougji the interfeometer towards 
i«spective detectors, the detectors being arranged m pairs such fliat tilting tiie optical 
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element about the first axis affects tbe relative phase of componoits of each of the 
beams dii«ited towards a first pair of detectors in a prcdetennined manner and tilting 
the optical element about the second a^is affects the rdative phase of components of 
each of the beams directed towaxds a second pair of detect««s in a predetennined 
manner, means for deriving a first estimate of an aligned c^tical element position by 
detemiining from an output of at least one detector a first element position at which 
the magnitude of the beam incident on that detector is a maximum, means for deriving 
second estimates of aligned element positions by deteroiimng second elemeait 
positions at which predetermined phase differences between beams incident c«i bach 
of the paiis of detectors are established, and means for aUgning the element by 
moving it to a final position which is one of the second positions which is at or 
adjacent the first position. 

The axes may be orthogonal to simplify tbe geometrical amngement. 
although other configurations are possible. The beams raay be parallel, as this also 
results in relatively simple geometry, althongh again other configurations are possible. 
Preferably, the detectors are ammged such that tilting the optical element about the 
first axis does not affect the relative phase of components of each of the beams 
directed towards a furst pair of the detectors and tilting the optical clement about the 
second axis does not affect the relative phase of components of each of the beams 
dircclfed towards the second pair of detectors, the second estimates of aligned clement 
positions being derived by determining second element positions at which the phase 
differences between beams instant on each of the pairs of detectors are a mhamum. 

The first element position may be derived by calculating element positions, 
fi-om the outputs of each of the detecton such that each calculated element position 
corresponds to a position at which the magnitude of the beam incident on the 
respective detector is a maximum, the first element position bemg detemiined by 
combinmg the calculated element positions. Each of the first and second pans of 
detectors may mclude a common detector, three of the detectors being arranged in a 
triangular pattern. Further detectors may also be provided to generate additional 
magnitude signals, these sigoals being used to improve overall system performance 
and to chedc for errors. 
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A set of second element positions may be determined The elOTicnt may 
simply be aligned by moving it to the second position which is closest to the first 
element position. Alternatively or in addition tiie element may be moved to each of 
tlie set of second element positions in turn, the magnitude of outputs of at least one of 
the detectors may be monitored at each position, and the element may be moved to a 
final positioti corresponding to the second element position at which the monitored 
magnitude is a maximum. 

The optical element 'w^iich is movable may be a movable mirror in for 
example a Michelson interferometer, and the movable optical element may be tilted 
by a plurality of actuators eadi of which is aligned with the respective detector on the 
beam path extending to that detector. 

An embodiment of flie present invention will now be described, by way of 
exainple, witli reference to the accompanying drawings, in which: 

Figure 1 is a schematic representation of a Michelson interferometer. 

Figure 2 illustrates fee incorporation of additional optical sources and 
detectors v/hich may be used in accordance with the preserit invention to initially 
align and maintain the alignment of mixror con^onents of an izxterferometer such as 
that shown in Figure 1; 

Figure 3 is a view fibom below of the mirrors of Figure 2 showing three 
actuators on which one of fbe mirrors is mounted; 

Figure 4 represents the disposition of four detectors relative to a plan view of 
one of the mirrors shown in Figures 1 and 2; 

Figiu« 5 shows lines schematically representing; tilt angles for which different 
pairs of detectors indicate detector signals are in phase; 

Figure 6 represents attenuation gain wilh mirror tilt about one axis; 

Figure 7 represents the magaitude of the output of the one of the detectors for 
different tilts in two orthogonal directions; 

Figure 8 represents signals for all four detectors shown in Figure 4 assuming 
tilting about two orthogonal axes and the raaintimance of one actuator in a fixed 
position; 

Figure 9 represents the detector outputs shown in Figure 8 subject to an added 
displacement of all of the three actuators shown in Figure 3; 
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FigoTC 10 shows a typical detector output signal coixesponding to tiltitjg the 
miiror about one of the orthogonal axes whilst maintaining the txjixror fixed relative to 
the othei- orthogonal axis; 

Figure 11 represents the mirror positions at which the phase is constant as 
between the outputs of difiFerent pairs of detectors; 

Figure 12 represents the variation of the magnitude of phase diffferences 
between tilts in the two orthogonal directions; 

Figure 13 shows the position of points on the graph of Figure 12 at which the 
pha^e difference is a minimum; and 

Figure 14 represents the magnitude of the output signals fiom the.jfour 
detectors of Figure 4 for each of the nine labelled points of minimum phase difiFetence 
shown in Figure 13. 

Referring to Figure 1, the iHustrated Michelson interferometer is one e«an5>le 
of an optical instrament to which the present invention may be applied. Hie 
iUustrated instrument comprises a first miiTor 1 which is fixed in position and a 
second miiror 2 which is displaceable in tbe direction of the arrow 3. The minors I 
and 2 are planar and are held at right angles to one another. A beam splitter 4 is 
inserted between the mirrors in the path of an incoming light beam 5. The optical 
components are arranged so that the beam spKtter 4 reflects appi-oximately 50% of the 
incident beam towards the mirror 1 but passes approximately 50% to the mirror 2. 
The reflected beams of light from the mirrors pass through tiie beam splitter or are 
reflected by the beam splittei^ and are recombined into a single beam 6 which is 
directed towards a NIR (near infra red) analytical detector 7. Thus one beam 
component is deflected by the beam splitter, reflected again by the minor 1, and thein 
transmitted by the beam splitter. A second beam component is transmitted by the 
beam splitter, reflected by the min*or 2 and reflected again by the beam splitter. The 
paths of the two beam components directed jax>m tbe beam splitter towards the 
detector 7 are colKuear and coincident on tlie detector 7, The intensity sensed by the 
detector 7 depends upon the optical path difference between the paths travelled by the 
two beams. The optical path difference is varied by moving the mirror 2 relative to 
the beam splitter 4. This in turn varies the intensity of the hght incident on the 
detector 7 m a way that makes it possible to derive the spectral structure of the 
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incident ligl^t beam 5. * This spectral stnicture can be used to dcterdine characteristics 
of the light source and the material that the light has either passek through or been 
reflected jBrom. i 

&i the instrument illustrated in Figure 1, the minors 1 aud 2 are intended to be 
orthogonal, and the beam splitter 3 is arranged at an angle of 45*" to each mirror. 
Other configurations are possible, and indeed it is often preferred to use beam splitters 
at near normal angles to xncidrat beams in order to avoid polarisation effects. The 
configuration of Figure 1 is however geometrically siinply and has been selected for 
descriptive puj:pQses only. 

Figures 2, 3 and 4 illustrate an embodiment of the present invention which 
incorporates the essential components of a I^dielson interferometer such a$ that 
sliown in Figure 1 but in addition incorporates components which enable the initial 
alignment of the mirrors 1 and 2 and the maintenance of appropriate alignmrat during 
use of the instrument The mirror 1 is si^ported on three actuators S, 9 and 10, the 
minor 1 facing a support U jfor the analytical detector 7 and four JRirth^ detectors 12, 
13, 14 and 15. The actuator 8 is aligned with the defector 12, the actuator 9 is aKgned 
with the detector 13, and the actuator 10 is aligned with tilie detector 14. The detector 
15 is located at the fourth comer of the square support 1 1 . 

Each of the detectors 12 to 15 is positioned so as to be arranged to detect a 
respective one of four parallel aligoment control beams 16 two of winch are shown in 
Figure 2. The alignment control beams 16 could be generated by separate 
moiK)chromatic sources but generally will be generated by beam splitting a single 
beam delivered by a monochromatic source. Each of the beams 16 is directed through 
the instrument in exactly the same manner as the main beam 5 and therefore will be 
subject to beam splitting and recombination in exactly the same manner as the main 
beam 5. Thus displacement of the miiror 1 will affect all of the five beams passing 
throngji the instrument. "When the mirrors 1 and 2 are perfectly aligned, the signals 
measui^ at the detectors 12, 13, 14 and 15 will be exactly in phase. If the actuators 8 
and 10 are not moved but the actuator 9 is moved, the miiror 1 will tilt about a jRrst 
axis extending parallel to the direction in which the actuators 8 and 10 ar^ spaced 
apart There will be no resultant change in the distance between the actuators 8 and 9 
and the jnespective detectors 12 and 14. If in contrast the actuators 8 and 9 are not 
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moved whereas the actuator 10 is moved, the mirror 1 vvill tUt about an axis paiaHel to 
the directioji in which the actuators 8 and 9 are spaced ^art and as a result the 
distance between the mitror supported by the actuator 10 and the aligned detector 14 
wiU change whereas the distance between the portions of the mirror 1 adjacent the 
actuatois 8 and 9 and the aligned detectors 12 and 13 wiU not change. Thus by 
appropriate control of the three actuators the miiror 1 can be tilted about two 
orthogonal axes so as. to adjust the relative phase of components of the beams 
reaching each of the five detectors 7, 12, 13, 14 and 15. Jn embodiments of the 
invention there must always be the fecility to tilt one of the components about two 
axes, and there must be at least three aligmnent beam and detectors anangements to 
detect tilting about those axes. In the illustrated arrangement four aligmnent beam 
detector atrangements are pnyvided but it will be ^iprcciatol that only three such 
arrangements are required. 

Thus, in the described arrangement the actuators are arranged to define two 
orthogonal axes, and the detectt«c3 define two orthogonal axes. Furthermore, the 
actuators are aligned with re^ective detectors along &e beam paths. This simplifies 
the analysis of aligmnent errors and coirection for such errors, and the bulk of the 
following description relates to such a simple configuration. Howevw, less sinqjle 
configurations widi non-orthogonal detectors and non-orthogonal actuators can be 
readily «ivisaged. Even m such more complex atrangements however the same 
principles can be applied, subject only to the use of rdt^vely simple mathematical 
transformations to take account of the less simple geometry. 

Referring again to Figures 2 to 4. it will be ^jpreciatcd that tfie main beaan 5 
defines the optical axis of the instrument The additional detectors and 
monochromatic alignment beams are di^sed symmetrically around the main optical 
axis in alignment (after reflection in the beam splitter 4) with the comers of tiie mirror 
1 and therefore also in alignment with the four d^ectors 12, 13, 14 and 15. 

Although noimaUy the symbols X, Y and Z are used to define a three- 
dimensional space with each of the symbols being applied to one of three mumaUy 
orthogonal axes, in this document ttiose symbols will be used to represent extensions 
of the three actuators 8, 9 and 10. ITius extension of the actuator 8 results in a Y 
displacement, extension of the actuator 9 a Z displacement, and extension of (he 



0S/02/2065 16:49 0000B000 



MARKS AND CLERK 



PAGE 14/45 



WO 204)4/01 89<i*4 w^r^i^^^^^^. 

PCT/CB2003/001664 



actuator 10 an X displacement Such extensions residt in tiltmg of the iniiTor 1. As 
described below, a ZY tilt will resuh if the Y actuator 8 is not moved whereas the 2 
actuator 9 is moved Similarly, an XY tilt wiU result if the Y actuator is not moved 
whereas the X actuator 10 is moved. Tilting of the mdnw 1 is described below hj 
terms of XY and ZY tilt. 

Tlie detectors 12, 13, 14 and 1 S are aligned respectively with ttie Y actuator 8, 
the Z actuator 9, the X acUiator 10 and the comer of the minor 1 diagonally opposite 
the Y actuator 8. These four detectors are therefore refenred to below as Qie Y 
detector 12, the Z detector 13. the X detector 14, and the W detector 15, each of the 
detectors producing an ou^ut signal r(q)resentative of displacement of the respective 
comer of the mirror L Given that in the simple illustrated instrument the actuators 
and detectors are aligned wiftt each other and the axes are orthogonal, the movement 
of one pair of actuators wiU not affect the relative phase of the beams detected by the 
detector pairs associated with the other actuator pair. If the actuators and detectors 
were not aligned, moving one actuator pair would change the relative phase in both 
detector axes. Even in such a tnore complex geometrical arrangement however 
detected patterns could be converted, by use of an appropriate mathematical 
transformation of coordinates, into flie patterns that would have been made had the 
actuator and detector sets been aligned. Similarly, a transformation could be used to 
convert patterns resulting from non-orthogonal axes to those that would have been 
obtained if the axes had been orthogonal. For the purposes of the present description 
however the relatively simple geometry represented tn Figures 2 to 4 will be assumed 
Alignment is controlled in three distinct stages, fliat is a first stage which 
performs an approximate initial alignment based on monitoring the magnitude of the 
outputs of tlie detectors, a second stage which relies upon the relative phase of beams 
reaching the detectors to provide an estimate of improved accuracy, and a third stage 
which compares alternative estimates to ensure the accuracy of the second stage 
estimation. 

In the first stage, the actuators are displaced in a predetermined pattern so as to 
obtain a plot of intensity information at each of the four detectors as the alignmmt is 
systematically scanned in two dimensions. These 2-D plots represent the intensity 
produced by the two interfering beams at the detectors The maximum magm'tude 
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points of each oifthe two dimensional intensity plots provides an estimate of a coirect 
alignment position for the mirror for that detector. The four resultant efftimates are 
then combined to produced an initial estimate of the correct afigmnent position- The 
objective is to align the centre of the interference pattern over the main detector 7 
since tins is the detector that is used to measure interfeix)grains. The estimated 
aligranent positions of the four detectors 12. 13, 14, 15 are used to produce a single 
estimate of the alignment position of the main detector 1. The relative position of 
each of the detectors (12, 13, 14, 15 in figure 4) with respect to the main detector 7 is 
known. Thus each of the estimates of the correct alignment position for tihte detectors 
12, 13, 14, 15 can by simple geometry be used to obtain an estimate of the conect 
alignment position for the main detector 7. These four resulting estimates of the 
correct alignment position for the main detector are combined (by averaging for 
example) to obtain a single estimate of the alignment position for the main detector. 

The detector signal may be noisy. Improved estimation of the correct 
alignment point is obtained in tiie second stage by using phase information fiom the 
• two-dimensional images rather than the magnitude information as used in the first 
stage. -This second stage reb'es upon the fact that the maximum magnitude in the 
detector signals should occur at a point when all four detector signals are in phase. 
Thus tiie two dimensional images are used to make a further plot of the lines at which 
flie signals, from the XY pair of detectors 12 and 14 and a ZY pair of detectors 12 and 

13 are in phase. 

Given that the XY detectors 12 and 14 are spaced ^arl in a direction " 
perpendicular to the direction of separation of the YZ detectors 12 and 13, any ZY tilt 
will not alter the relative phases of the X and Y detectors 12 and 14. Therefore, there 
wiU be a number of XY tilt positions at which the outputs of the XY detectors 12 and 

14 will be in phase regardless of the output of the Z detector 13 and equally there will 
be a number of values for ZY tilt at which the outputs of the Y and Z detectors 12 and 
13 will be in phase regardless of the ou^ut of the X detector 14. Referring to Figure 
5, tliis schematically represents XY and ZY tilt of the mirror 1. The cross 16 
represents tilt values corresponding to the initial alignment estimate produced by the 
first stage of the aUgnment process. The line 1 7 represents an XY tilt value for v^drich 
the outputs of the Y and Z detectors 12 and 13 are in phase regardless of XY tilt and 
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&e line 18 rqn-csents a ZY tilt value for which ibe outputs of flie X and Y detector 
12 and 14 are in phase regardless of XY tilt The point of intersection 19 of lines 17 
and 18 rqjresents a second estimate of the true tilt position coirespondmg to 
alignment. 

In practice, there will be a number of lines parallel to die line 1 7 each of which 
represents a possible aligned position and a number of Unes parallel to the line 18 
each of which coiresponds to a possible aligned position. The point of intersection 
selected is that which is closest to the initial estimated alignment position represented 
by cross 16. Given that the sets of lines parallel to lines 17 and 18 are spaced at 2it 
intervals in the ZY and XY tilt directions it may be that the "correct^ poict of 
intersection is not that which is closest to the initial estimate 36 but rather is a point of 
intersection slightly finther away from the initial estimate position represented by 
cross 16; The Biird stage of fee alignment process ensures that flie ••conrecf' pomt of 
intersection is selected. 

In the third stage, alternative aKgmnent positions are investigated and further 
corrections made if necessary on the basis of that investigation. Having initiaUy 
selected die point of intersection 19 closest to the mitial point 16, the points of 
intersection for tiie two closest adjacent in-^)hase positions in both the XY and ZY tilt 
directions are identified, hi Figure 5. these positions are rqrresented by the additional 
lines 20 parallel to line 17 and the additional lines 21 paiaUcl to line 18. The lines 17, 
1 8, 20 and 21 intersect at nine points, tiiat is the intwsection point 19 and the ei^t 
intersection points spaced around point 19. The minw 1 is scanned backward and 
forward in the same procedure as is used when collecting data for the two- 
dimensional images relied upon in the first stage. Ihe detector signals which result 
will be a set of sinusoidal signals which are maintained in phase during the scan to 
maintain the initial alignment of the mirrors. This process of dynamic control is 
known and has been discussed in for example US Patent No. 4,413,908. In addition 
to this known dynamic control however in the third stage of the alignment process the 
ei^t points around the intersection point 19 are systematically probed. Thus duriiig a 
singje scan, the dynamic control system moves the mirror in turn to each of the eight 
positions represented by the intersection point surrounding point 19. The magnitudes 
delivered by the four detector signals are measured at each of these eight points and 
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oompaxed with the magnitade at ttie minor position corresponding to tiic hjteraection 
point 19, These monitored magnitudes are equivalent to measurements of the 
magnitude signals during the first stage of flie process. By comparing the measured 
magnitudes, a finther estimate of tiKe accuracy of mirror alignment is derived. For 
example, if this investigation indicated that the magnitude at the point corresponding 
to intersection point 22 in Figoie 15 was greater than at intersection point 19; the 
system would automatically move the mirror on tiie hasis fiiat the "ooirect" aligned 
position is the XY and ZY tilt corresponding to. the intersection point 22. 

The alignment process described in geneml terms above will now be described 
in greater detail with reference to Figmes 6 to 14. 

When the mirrors in a Michelson interferometer are tilted and the light souice 
is a monochromatic source (usually a laser) interference patterns are generated which 
are scanned across the detector The signals measured at the detector depend on ttie 
optical path diflference for tfie ftom the two mirrors (nrirrors 1 and 2 in Figure 1) 
and also on any misalignment between the minors. The interforcnce pattern at each 
of the four detect(»s 12 to 15 represented in Figure 4 is detennined by the optical patli 
difference, and the signal at eadi end of the interferogram is attenuated depending on 
the amount of the misalignment (The attenuation also depends on &e diameter of the 
detectors, witib larger detectors being more sensitive to misalignments). The detector 
signal D can be calculated by integrating the square of the intensity over the awa of 
fbe detector 

Where a is the tilt angle, A is the source wavelength, r is the detector radius, >ff is a 
phase term given below. 




And qpd is the optical path difiTerence at the centre of the detector. 

Figure 6 shows the theoretical attenuation for a laser souroe of wavelength of 67Qnm, 
a detector of radius of 2iiun and the mirror tilt varying fihom -0.0005 radians to 0.0005 
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radians. This tilt is obtained with actuators 2cin Bp2Xt and ooe of which moves 20 
xnicxons. 

Thus, if ate Y piezoelectric actuator 12 is maintained stationary, Figtire 7 
shows the expected magnitude variations in ft© detected W signal, where the optical 
paft difForence is the sum of the two tuovements of the X and Z actuators 13 and 15 
relative to the Y actuator 1 2. The ZY tUt changes the difiference between the optical 
path difference at the Z detector and tibiat at liie Y detector 12. 

The two-dimensional plot of Figure 7 shows constant magnitude contour lines 
for the detector signal for fte various tilts, each contour Kne showing a respective 
. inagnitude. It will be appreciated that Figure 6 rqwesents the variation of magnitude 
along the line drawn across the detector signal contours of Figure 7. The maximum 
detector signal is at the coitre (con^sponding to zero tilt in this idealised diagram). 
Given the two-dimensional plot of Figure 7, it is possible to identify the correct 
alignment position by finding the point at which the detector signal is a maximum. 

Greater accuracy can be achieved by motdtoring the magnitude at all four 
detcctoris. Figure 8 shows plots ifor aM four detectcra, assuming no movement of Y 
actuator 12. 

The signals for detectors X W and Z shown in Figure 8 can be used to 
determine the mirror tilt position giving a maximum magnitude signal, but fte signal 
for Y is not useful because the Y actuator 12 is not moving. To get a useful signal 
from all four detectors, a ramp change is added to the all the actuatois at the same 
time as changing the XY and ZY tilts. Figure 9 show the result with an extra 20 
micron movement in the optical path difference obtained by adding such a ramp. The 
orientation of the contours can be changed if desired by adding the ramp in diff^^t 
ways. 

The two-dimensional plots shown in Figure 9 can be used to obtain an 
estimate of the correct alignment pomt fox each detector using a method that finds the 
maximum point in the envelope of the two-dimensional surfaces. These estimates, 
together with flie geometry of the detectors and the main (analytical) NIR detector 7, 
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can be used to obtain fow estjinates of the correct aKgmnent point for the mam NIR 
detector. 

A mimb^ of tuetbods can be used to find the maximum points from the four 
detector signals. In one method, the tiKs for minimum attenuation can be found by 
fitting a quadratic $«feoe to the peaks of the detector signals, in the individual scans. 
Figure 10 shows a typical e?qf)ected detector signal fbr a scan in the XY tilt dhection 
keeping the ZY tilt constant At the peaks on this curve tiie cosine tenn in the detector 
ou^ will be unity. Therefolne a surface fitted to the peaks will proximate kA(^. 
where k is a constant dependi: >g on the detector gain and A(5) h the attenuation due to 
tilt angle 0. So the peaks; give points on the attenuation surface which is 
approximately a two dimensi mal quadratic Least squares fitting can be used to fit a 
quadratic to aU the peaks, wiich are sufJBciently large. For example, aU the peaks 

7 may be used. Tliis then gives the points of minimum 
which indicate the tilts required to align the minors at 
detector could be used, but a better estimate is obtained 



where the gain A is at least 0 
attenuation for each detector 
the detectors. Any individual 
by using all four detectors. 

It is possible to fine 



orthogonal directions. For exs mple fi.rst scan through a $et of XV tilts while k^ing 
the ZY tilt constant at ZYo. Ihis gives a "cut** through the surface as in Figure 10. 
One-dimensional quadratics c m be fitted to the larger peaks in order to find the peak 



of the envelope containing tb 
ZYo. Next scan through a set 



quadratics can be fitted to ttie 



process Is tiien repeated with 
due to (he overall surfaces in 
made for each detector. 



the overall optimum by successive searches along 



signal. This gives a best XY tilt XYj for the ZY lilt 
of ZY tilts while keeping the XY tilt constant at XYi. 



This gives another "cut" through the surface as in Figure 10. One-dimensional 



larger peaks in order to find the peak of the envelope 



containing the signal. This gives a best ZY tilt ZYi for the original XY tilt XY,. The 



he ZY tilt ZYi. This iteration converges fairly rapidly 
'igure 9 having symmetry. A separate search has to be 



The above procedure i > used to obtain the estimates of the correct aJignmait 
angle fbr each detector - and ti lese in turn give four estimates of the correct alignment 
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7 (Figure 4). Hiese four estimates may be combined to 
produce aa initial estimate of he "conect" alignmrat position. 

In the second stage oJ the process, the relative phases of the detector signals 
are used to improve &c estim Jie of the true detector magnitnde maximum. When the 
niiixors are exactly aligned, flie optical path differences for the four detectors will be 
equal, and the detector signali i^^ill be in phase, Tbereforc tixe con^ct aligmneut point 
of the miiroxs occurs at a pair of XY and ZY tilte which give the same phases for each 
of the detectors 1 2 to 1 5. Fig tre 5 shows lines for which the X and Y detectors are in 
phase and the Z and Y deteciors are m phase for the maxhuum detector magnitiide. 
However the phase is peric dic and so Acse lines repeat at tilt intervals of a 
\\welengflv so that the true n aximmn m the detector magnitude maybe at any of &e 
intersections of the zero relat ve phase lines. The tilt angles coiresponding to these 
lines of zero relative phase axe calculated and then used to improve the estimates of 
the detector alignment points < ibtamed from the first stage. 

At each of Ihe peaks of the detector signals found in the first stage, the phase 
diffaence will be zero or 2;ni , where n is an integer. Hence by linear interpolation 
betwccai the peaks wc can Gad the phase of the signal at the particular detector. This 
can be done for each point on he XY, ZY tilt planes shown in Figure 9. The X and Y 
detectots will have equal phasi j along a set of zero relative pbase lines one wavelength 
apart in tilt actuator positioris, Vvi th constant XY tilt The Z and Y detectors will have 
equal phase along lines with CDnstant ZY tilt There should be a grid of points where 
fljese lines intersect, which aro a wavelength apart in tilt angle in each direction, and 
where the phases of all four detector signals are equal. The lines of equal phase can be 
calculated from the magnitude j plots (Figure 9) using linear interpolation. Figure 11 
shows the results of calculatiag the lines of equal phase from the plots shown in 
Figure 9. 

The intersection points of the lines in Figure 1 1 corre^ond to points at which 
ail detectors have the same phase. The plot of Figure 11 was obtained by a computer 
simulation of an actual embodiment. The lines which in theory should be straight are 
in fact not so. Nevertheless, tliese lines accurately represent what can be expected in 
an actual embodiment given inevitable measurement errors. One of these intersection 
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points should cotrespojid 
■piaximuirL In practice howe^ 
in the estimatioii of the 
Figure 11 should be strai^t, 
approximate. Therefore the 
finding the grid of points whqre 
of the ways of finding 
magnitudes of the phase 
contours of the surface repr( 
approximate due to the 
magoitudes are local maximla 
These crosses correspond to 
. detector phases cross, and all 
into squares, azid the point of 
pattem of Figure 13, Each 
maximum point 

One of these grid 
ivith all four optical pafh 
estimate obtained in the first 
alignment point Note however 
and tiie points aroimd it 
reasonable estimates of the 
stage of the alignment aJgoiidkm 
better aligmneot point during 1 hi 

During normal operati^ 
by either applying the same 
by having a s^aiate device 
operation will be that the miirDrs 
in the first and second stages 
interfbroxneter minors in 
during the collection 



di: ferences 



stree 
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the zw) phase point at which the magnitude is a 
•er this will not generally be the case due to inaccuracy 
pos^on of maximum magnitude. In addition, the lines in 
but the calculation method used is necessarily 
accmacy of the second stage process is increased by 
the esthnated phases of the detectors are closest. One 
points of 'closest phase' is to find the sum of ihe 
between ttie detectors. Figure 12 shows the 
eienting the sura of the magnitudes (again Oris picture is 
calculation method). Points at which the sum of the 
(minimum phase diflEerence) are shown by crosses. 
< estimates of the tilt positions at which the lines of equal 
tiie detector phases are equal. The area is then divided 
•closest phase' in each square is plotted to foim ttie grid 
o|r«bie crosses in Figure 13 labelled 1 to 9 is a candidate 

I poidts in Figure 13 corresponds to die miixors being aligned, 
differences being equal. The grid point nearest to the 
stage is then selected as the best estimate of the tme 
that this point (labelled 1 in Figure 13) is an estimate, 
(latfelled 2 to 9 in Figure 13) could also be accepted as 
alignment position. These points are tested in the third 
to check the accuracy of the alignment and test for a 
e operation of the intra^erometer. 



the minors 1, 2 are moved with respect to each other 
di^lacement to all piezo-actuators attached to mznror 1 or 
o move the other mirror 2- The nomial sequence of 
will be initiaDy aligned using the methods described 
This gives the set of tilts that arc required to place tiie 
alignment A s^arate dyaamic control scheme is then used 
of interfcpograms. The function of die dynamic control system it 
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to keep the mirrors in aligmn^t 
is done by measuring the 



wz\e$ 



^this 



point 



The laser source is 
the scan are a set of sine 
phases of the detector signal 
relative phases at zero. If 
zero phase point corresponds 
13^ and hence the zero phase 
detector 7. However, the 
alignment position, and the 
points for the coirect alignmc|nt 
alignment v/ere grossly in 
olher zero phase point in the 

The third stage of the 
miiror. The validity of the 
control process by pexfonniijig 
changed to alig^ the mirrors 
signal magnitudes at each o^ 
measured at these grid point! 
plots for each of the detectors, 
estimate of tibe position of 
done while scanning the 
be done in a single scan of the 

Figure 14 shows the 
number 1 to 9 on Figure 13 
from point number 1 to point 
then kept constant until the 
as the mirror is scanned 
process is repeated for each 
lines 25 and 26, 27 and 28, 



;ne:rt 



betwijen 
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during the displacement of the moving minor. This 
detector signals X, Y, during the xaoving mirror 



m )nochiomatic« and therefore the detector signals during 
The dynamic control scheme measures the relative 
sine waves and adjusts the actuator tilts to maintain tb& 
initial alignment algoritfam woiked correctly, then tibe 
to the zero relative phase point marked as 1 in Figure 
}omt which gives the maximum magnitude signal at the 
1 in Figure 13 is in &ct an estimate of the correct 
unrounding points (labelled 2 to 9} are also possible 
position. If the first and second stages of the initial 
than the correct alignment point might be at some 
on Figure 13. 

alignment process is perfonned during scanning of the 
grid point (point 1) is checked within the dynamic 
a test' scan during which Ibe tilts axe periodically 
grid points 2 to 9 (in Figure 13) in tarn. The detector 
the grid points are then measured. The magnitudes 
are in points on flie two-dimensional maguitude 
Thus a further curve fitting can be used to determine an 
mSDcimum detector signal for each detector. This can be 
diffo-ence through thirty wavelengths and so can 
instrument. 



gddi 



selscted ! 



optic il path < 



detectors 



signal for a pattern of tilts going round the points 
E between the lines 23 and 24 the tilt position is changing 
aumbcr 2. The tilt positions for the control process are 
line 25 is reached, and the detector signal is measured 
the positions as indicated by lines 24 and 25. This 
of points 3 to 9, such that mirror tilting occurs between 
19 and 30, 31 and 32, 33 and 34, 35 and 37 and 38, 
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whereas fhe detector signal is measured between lines 26 aud 27, 28 and 29» 30 and 
31, 32 and 33, 34 and 35 and 36 and 37. The peaks of fhe quadratic fits to this data are 
used to either confirm that the cuixent grid point 1 is the correct alignment point, or to 
pick another grid point as a better estimate of fhe correct alignment point, or to initiate 
a re-alignment fiom stage 1 . In the case illustrated in Figure 1 4, grid point 6 (between 
lines 32 and 33) would be selected as the point providing the greatest magnitudes. 

Thus, the invention provides a metihod of imiially aligning the miitois in a 
two-beam intecferometer • and subsequently refining and checking the alignment 

. during normal operation of the interferometer. In summazy, the process relics xxpou 
three stages. In the jSist stage, a set of three piezo actuators is scanned througjti a 
pattern which produces two-dimensional images of detector signal magnitude for each 
of foiu- detectors. The point at which the envelope of these two-dimensional plots 

. reaches a maximum gives an estimate of the correct alignment position for each 
detector. Using the known geometry of the instrument &ese each form a separate 
estimate of the location of the correct alignment position (as defined by a set of tilts of 
one of the mirrors) jfor the analytical detector. 

The second stage uses the feet that when tiie mirrors are aligned the relative 
phases of the detectors are zero, and tb^t when the rnitTor is tilted in one axis the 
relative phases in the other axis are not altered. This is used to fonn a grid of zero 
relative phase points — one of which must be the point at which the mirrors are 
aligned. The best of these candidate aKgmnent points is selected as the one nearest to 
the correct alignment estimated in the first stage. 

The third stage of the alignment al gorithm takes place during the scanning of 
the minor under dynamic control. A set of alternative zero relative phase pomts that 
are around fee selected point are visited and the magnitudes of the detector signals at 
these points is used to provide a further estimate of the correct alignment point If this 
is the same as the current alignment point then no action is taken, if it is different then 
the instrument either moves to that point or initiates a full re-ini.tiaIisation of the 
interferometer. 

The invention provides several benefits. Firstly, initial alignment may be 
automatically implemented, thereby removing the necessity for this task to be carried 
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out by a skilled operator Secondly, aligoment may be continuously or frequently 
checked and mamtamed. This increases confidence in ttie integrity of the 
measurement and offers the possibility of an automatic warning if for any reason Ifae 
alignmffit i^Is and caanot be automatically restored. This has obvious benefits in any 
situation where the instrument is used jo an application where there are regulatory, 
safety or other implicattons in the event of a loss of measurement accuracy. Thirdly, 
it prevents a progressive deterioration in performance after initial aligmnent, and so 
has imphcations for reducing the amount of routine service that may be required. 
Related to tiiis is tibie possibility that the instrument can be designed and engineered to 
lower tolerances, especially witii regard to mechanical stability, thmby reducing 
costs. The ability of the instriimant to maintain aligmnent during operation offers the 
potential for using the instiument in adverse conditions in which prior art instrumeats 
would not be capable of reliable operation for extended periods of time. This is 
especially important when it is desired to e?rtend the use of a measurement currently 
effected as a laboratory check onto a production line for example. The economic 
benefits of making a measurement continuously on a production line are frequently 
much greater than making the same measurement intermittently on samples takea 
from that line. Benefits typically include the saving of energy, the maintenance of 
high product quality and the reduction of the quantity of waste or defective product. 

Although the invention has been exemplified with reference to a Michelson 
interferometer with orthogonal mirrors and with tilt axes that are mutually orthogonal, 
it will be appreciated that the invention may be applied more broadly. For example, 
the invention could be applied to an interferometer or other optical instrument with 
non-orthogonal mirrors, and three tilt inducing actuators could be arranged at the 
comei-s of an equilateral triangle rather than at the comers of a right-an^e triangle as 
in the desaribed apparatus. The actuators could be arranged in any configuration 
capable of inducing tilt about two different axes. Actuators and detectors need not be 
aligned with the beam path. More than three detectors and actuators may be provided, 
and the nmnber of detectors and actuators need not be the same. The use of a greater ' 
number of detectors and actuators would enable self-checking using different sets of 
actuators/detectors, referring detectors to each other to reduce noise, and built-in 
redundancy to enable the system to operate even afier failure of one detector/actuator. 
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As described above, tie detectors and actuators need not be aligned with each 
other, although this is the most convenient configuration. When Ctxe detectors are not 
aligned with the actuators, tl en two of three actoatoxs must be moved at once if a 
constant phase relationship n to be maintained bebveen the detectors of one pair. 
(The same constant phase relationship is maintained by moving only one actuator at a 
time in the co-aligned case). SpecificaUy^ in order to ensure tiiat ^e minor tilts about 
^ line joining two detectors ( md thereby retain the constant phase relationship about 
this Hne) the movement of tbe actuators must be related in a way that depends i^on 

sknd detectors. 

e, consider the case where one detector is not aligned 



the geometry of the actuators 
As a concrete exAxnp 



with an actuator position^ aid where the actuator pairs are orthogonal Let the 



actuators be positioned at (x. 



,3^o), (x^,y^)and (jCo^^i), and flie actuator ^x^^y^) not 



move. Consider two deteeton ^ one aligned with the stationary actuator at (x^^^y^) and 



the second at a position 



(^o» J^) i^fVo) ^® aid let this line cross Ihe Hne joining flbe fixed actuator at 



(^o>J'o) ™^ detector at 



It will also .be 
extended to the case where 
appreciated that the method 
to tilt the mirror about any 



{x\y}. Let the line joining the two actuators at 



(x', j^')at point M such that it cuts the line L into two 



parts^ a' and b, where Ae distance fiom to M is a and tihie distance £rom 

0*1 >yo) to M is 6. To oisure Ibat the mirror tilts about the line joining 
{x^.yo) and {x^y') ttie acttators should be moved so as to keep tihie point M 
stationary. Thus if actuatpr (x^^^y^) is moved a distance z^, then actuator (x^^y,,) 
dbould be moved a distance z ^ , where 



a and h are known from the g iometry of the actuator and detector positions. 



appr^iated that the above transfomiation method can be 
detector is aligned with an actuator. It will>lso be 
be used to calculate movements of two actuators, so as 
axis which passes through the mirror. 



no 
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coordinate system which 
although the exemplary em 
Cartesian coordinates, 



appreciated that the inventioii coxild be described In any 
describes the location of a point within a space. Thus 
>odiment of the invention is described in terms of 
other ct)Oxdinate systems, e.g. polar coordinates may be used. 
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CLAIMS 

1 . A method for aligning an optical element of an optical interferometer in which 
a beam of light interacts with Ae optical element and the optical element is tilted 
about first and second axes to adjust the relative phase of components of Uie beam, 
wherein at least three alignment beams of monochromatic light are directed tbrou^ 
ttie int^erometer towards respective detectors, the detectors being arranged in pairs 
such that tilting the optical element about the first axis ajSects tiie relative phase of 
components of each of the beams directed towards a first pair of detectors in a 
predetennined manner and tilting the optical elenxeat about the second axis affects the 
relative phase of components of each of the beams directed towards the second pair of 
detectors in a predetennined manner, a first estimate of an aligned optical elemrat 
position is derived by. determining fix>m an output of at least one detector a first 
elernent position at which the magnitude of fiie beam incident on tiiat detector is a 
maximum, second estimates of aligned element positions are derived by d^emuning 
second element positions at which predetermined phase, diffeiences between beams 
incident on each of the pairs of detectors are established, and the element is aligned by 
moving it to a final position whidi is one of the second posttipns which is at or 
adjacent ttie first position. 

2. A method according to claim I, wherein the first and second axes are 
orthogonal. 

S. A method according to claim 1 or 2, wh^rdn the beams are parallel. 



4. A me&od according to c] aim 1 , 2 or 3, wherein ftie detectors are arranged such 
that tilting the optical element about the first axis does not affect the relative phase of 
components of each of the beams dirscted towards a first pair of the detectors and 
tilting the optical element about the second axis does not affect the relative phase of 
components of each of the beams directed towards the second pair of detectors, the 
second estimates of aligned elranent positions being derived by determining second 
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element positicms at which the phase differences between beams instant on each of the 
pairs of detectors are a Tnniiznum. 

5. A method accotxling to any preceding claim, wherein the said first element 
position is derived by calculating element positions ftom the outputs of each of the 
d^ectors such that each calcolatod elemmt position corresponds to the position at 
which the magnitude of the beam incident on the respective detector is a maximum, 
and determining the first element position by combining Hhe calctilated element 
positions. 

6. A method according to any preceding claim, comprising three detectors, one 
detector being included in each of the first and second pairs of detectors. 

7. A method according to claim 6, wherein four disftectors are provided. 



8. A method according to any preceding claim, wherein a set of second element 
positions is determined, and the element is aligned by moving it to the second position 
which is closest to the first element position. 



^rding 



9. A method accoi 
element positions is determined, 
element positions in turn, 
monitored at each position, 
at which the monitored magnitude 



tlte 



10. A method accordin, 
mirror. 



11. A method according 
tilted by a plurality of actu^ors 



to any one of claiiD.s 1 to 7, whex-ein a set of second 
and the element is moved to each of the set of second 
magnitude of an oirtput-of at least one of the detectors is 
and tbe element is moved to the second element position 
is a maximum. 



to any preceding claim, wherein the optical element is a 



I to any preceding claim, wherein, the optical element is 
each of which i^ aligned with a respective detector. 
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12. An apparatus for aligning an optical element of an optical interferometer in 
which a beam of light interacts vnih the optical element and the optical element is 
tilted about first and second axes to adjust the relative phases of components of the 
beam, comi^sing means for directing at least three alignment beams of 
monochromatic light through the uiterfbrometer towards respective detectors, the 
detectors being arranged in pairs such that tilting the optical element about the first 
axis afiEects the relative phase of components of each of tibie beams directed towards a 
iSrst pair of detectors m a piedetemiined manner and tilting the optical element about 
the second axis affects the relative phase of components of each of the beams directed 
towards a second pair of detectors in a predetennined manner, means for deriving a 
jQist estimate of an aligned optical element position by detennining from an output of 
at least one detector a first element position at which &e magnitude of the beam 
incident on that detector is a maximum, nieans for deriving second estimates of 
aligned element positions by detennining second element positioxis at which 
ptedetemiined phajse differences between beams incident on eadx of the pairs of 
detectors are established, and means for aligning the element by moving it to a final 
position which is one of the second positions which is at or adjacent the first position. 

13. An apparatus according to claiin 12, wherein fiie first and second axes are 
orthogonal. 

14. An apparatus according to claim 12 or 1 3, wherein the beam^s are parallel. 

15. An 25)paratus according to claim 12. 13 or 14, wherein the detectors are 
arranged such tibat tilting the optical element about the first axis does not affect the 
relative phase of conq)onents of eadi of the beams directed towards a first pair of the 
detectors and tilting (he optical element about the second axis does not aftect the 
relative phase of ccmqsonents of each of the beams directed towards the second pair of 
detectors, means being provided to derive the second estimates of aligned element 
positions by determining second element positions at which the phase differences 
between beams incident on each of the pairs of detectors are a cunimum. 
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16, An apparatus acccxdio^ to any one of claims 12 to 15, wherein the optical 
element is a tillable minor. 

17, An apparatus according to claim 1(5, wherein a fiarther mirror is positioned 
adjacent to and at an angle to the tiltable minor and a beam splitter is positioned 
between the mirrors such that components of the beams are transmitted througji tibie 
be8uii splitt^, reflected by one of tbe minors, and reflected again by the beam splitter 
to the detectors^ and components of Ifae beams are reflected by the beam splitter, 
reflected by the other mitior, and transmitted ^ough the beam splitter to the detector. 

- 18. An £^arati2S according to claim 17, wherein the mitrors are orthogonal. 

19. An apparatus according to any one of claims 12 to 18, wherein tfie optical 
element is mounted on actuators each of which is aligned with a respective detector. 

20. An apparatus according to any one of claims 12 to 19, con^siiag means for 
calculating elem«it positions fiom the outputs of each of thie detectors such that each 
•calculated element position corresponds to the position at wliich the magnitude of the 
beam incident on the respective detector is a maximinn, and means for determining 
the first element position by combining the calculated element positions. 

21. An apparatus according to any one of claims 12 to 20, comprising three 
detectors ate provided, one detector bemg inclnded in each of the first and second 
pairs of detectors. 

22. An apparatus according to any claim 2l, wherein four detectors are provided. 

23. An apparatus according to any one of claims 12 to 22, comprising means for 
determining a set of second element positions, and means for moving the element to 
the second position which is closest to the first element position. 



09/02/2005 16:48 00000000 



MARKS Ah© CLERK 



PAGE 31/45 



WO 2004/0^64 PCT/GB2003/003664 

26 

24. An apparatus according to any one of claims 12 to 22, comprising means for 
determining a set of seccmd element positions^ and means for moving the element to 
each of the set of second elemmt positions in turn, means for monitoring the 
magnitude of an ou'^ut of at least one of the detectors at each position^ and means for 
moving the element to the second element position at which the monitored magnitude 
tsamaximum. 

25. A meftiod for alignijQg an optical element of an optical interferometer 
substantially as hereinbefore described with reference to the accompanying drawings. 

26. An ^aratus for aligning an optical element of an optical interierometer 
substantially as hereinbefore described with reference to the accompanying drawings. 
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